Based on the parent tetrazole 2N -oxide, six series of novel carbon-linked ditetrazole 2N -oxides with different energetic substituent groups (-NH 2 , -N 3 , -NO 2 , NF 2 , -NHNO 2 ) and energetic bridge groups (-CH 2 -, -CH 2 −CH 2 -, -NH-, -N=N-, -NH−NH-) were designed. The overall performance and the effects of different energetic substituent groups and energetic bridge groups on the performance were investigated by density functional theory and electrostatic potential methods. The results showed that most of designed compounds have oxygen balance around zero, high heats of formation, high density, high energy, and acceptable sensitivity, indicating that tetrazole N -oxide is a useful parent energetic compound employed for obtaining high energy compounds, even only combined with some very common energetic substituent groups and bridge groups. Comprehensively considering the effects on energy and sensitivity, the -NO 2 , -NF 2 , -NH-and -NH−NH-are appropriate substituent groups for combining tetrozale N -oxide to design new energetic compounds, while -NH 2 , -N 3 , -CH 2 −CH 2 -, and -N=N-are inappropriate.
I. INTRODUCTION
Seeking for novel advanced energetic materials with better energy properties and sensitivity performance is an everlasting topic and challenge for researchers. In the past several years, many studies have been done to theoretically design and synthesize new kinds of energetic molecules [1−4] , salts [5−7] , co-crystals [8−10] , and metal-organic frameworks [11−13] . Among them, tetrazole N -oxide-based compounds [14−19] attracted lots of attention lately, because of their high oxygen balance (OB), high detonation properties (detonation velocity D and detonation pressure P ), good thermal stability or low sensitivity. For instance, Fischer et al. [14] synthesized the hydroxylammonium and ammonium salts of aminotetrazole 1N -oxide, these compounds have obvioulsy lower impact sensitivity, friction sensitivity, and electrostatic discharge sensitivity than two very famous high explosives 1,3,5-trinitro-1,3,5-triazinane (RDX) and 1,3,5,7-tetranitro-1,3,5,7-tetrazocane (HMX), and their energies are close to RDX. Then, a series of 5, 5 ′ -bis(tetrazole 1N -oxide) salts [15] were prepared, including a very powerful representative with low toxicity: dihydroxylammonium 5,5
′ -bistetrazole-1,1 ′ -diolate (TKX-50) [15−18] , whose D and P are around 9.7 km/s and 42. 4 GPa, respectively, which are obviously higher than HMX. Besides, TKX-50 also has lower impact sensitivity (20 J) and IF (120 N) than HMX. The excellent overall performance makes TKX-50 be a possible replacement for RDX and HMX, and it shows the high research worth of tetrazole N -oxide-based energetic compounds. Many 5, 5 ′ -bis(tetrazole 2N -oxide) salts [19] were also synthesized successfully, among them, 3-amino-1-nitroguanidinium salt has comparable energy and sensitivity with HMX, the hydroxylammonium salt possesses close performance to RDX, while the guanidinium salt is high thermally stable and insensitive. Five azotetrazole-1,1 ′ -dioxide salts with high energy were prepared through the oxidation of hydroxylammonium aminotetrazole 1-oxide [14] , these compounds also have better detonation properties than RDX, especially for the dipotassium salt, whose D and P are close to TKX-50 but its IF and electrostatic discharge sensitivity are higher than TKX-50. By oxidizing the 5-azidotetrazolate an-ion at the mild aqueous conditions, a series of azidotetrazolate 2N -oxide salts were synthesized successfully, among them, the ammonium and aminoguanidinium salts have comparative D with RDX while the sodium salt is more insensitive than RDX. Furthermore, these salts possess better D than their corresponding azidotetrazolates that lack an N -oxide.
From these above analyses, it can be found that some good tetrazole N -oxide-based compounds with high energetic performance and low sensitivity have been synthesized successfully. The introduction of N -oxide into tetrazole are feasible. Because of the introduction of N -oxide, some of these tetrazole N -oxide-based compounds have OB close to zero without possessing too much oxygen-rich energetic substituent groups like -NO 2 or -ONO 2 . Generally, the most ideal OB value is zero, which could release the maximum energy when detonating. A negative OB value means that C and H atoms could not be oxidized completely, while a positive OB value indicates that extra O 2 would be formed from the needless oxygen. These two cases would both decrease the heat released, and may generate some toxic gases like CO too. Besides, the existing of N -oxide could be helpful for forming hydrogen-bond to increase the thermal stability and decrease the sensitivity, this is may be one reason why many of these synthesized tetrazole N -oxide-based compounds possess lower sensitivity than RDX. These above analyses show the high research worth of tetrazole N -oxides. However, the number of synthesized tetrazole N -oxides is limited and most of them are energetic slats in the past decade, more systematic studies are needed.
In the present study, based on the parent tetrazole 2N -oxide, we designed six series of novel carbonlinked ditetrazole 2N -oxides with different energetic substituent groups (-NH 2 , -N 3 , -NO 2 , NF 2 , -NHNO 2 ) and energetic bridge groups (-CH 2 -, -CH 2 −CH 2 -, -NH-, -N=N-, -NH−NH-) with OB around zero. Molecular structures of six series of designed compounds are shown in FIG. 1. The effects of different energetic substituent groups and energetic bridge groups on the performance were investigated. Density functional theory (DFT) and electrostatic potential (ESP) were employed to study the molecular and electronic structures, heats of formation (HOF), density, detonation properties, and sensitivity. And a good combination among the parent compound, bridge group, and substituent group with good overall properties was found.
II. COMPUTATIONAL METHODS
D and P are two important parameters used for judging the energy level of energetic materials, in this study, we employed Kamlet-Jacobs equations [20] to calculate them:
Density (ρ) and heats of formation (HOF) are two key parameters related with D and P , we calculated ρ (Eq.(3)) in solid-phase using the ESP method [21] proposed by Politzer et al. at B3PW91/6-31G(d,p) level, and the HOF in solid-phase (∆H f,solid ) at 298 K by using a compositive method [22, 23] based on the Hess's law (Eq. (4) and Eq. (6)) is used for predicting heat of sublimation (∆H sub ) at B3LYP/6-31G(d,p) level. Isodesmic reaction used for predicting gas-phased HOF: ∆H f,gas ) is shown in Scheme 1.
The free space per molecule in the unit cell (∆V ) is an common ESP method [24, 25] used for estimating the impact sensitivity of energetic materials, which is proposed by the Politzer group, calculated at B3PW91/6-31G(d,p):
Molecular and electronic structures calculations were performed on Gaussian program [26] at B3LYP/6-31G(d,p). 
III. RESULTS AND DISCUSSION

A. Oxygen balance and heats of formation
OB is a parameter related with the energy of high explosives, generally, the more the OB close zero, the higher the energy. The OBs of designed compounds were calculated and displayed in FIG. 2. It is found that among these 36 designed compounds, there are about 26 compounds (A1, A3−A6, B3−B6, C4, C6, D1, D3−D6, E1−E6, F3−F6) have OB between −30% and 30%, showing the relative ideal OB value is close to zero, which is a good basis for obtaining high detonation performance. The relative higher OB values of these compounds are mainly from the oxygen-rich tetrazole N -oxide, though all compounds only have no more than two energetic substituent groups. There are seven compounds with OB more than zero and one (F6) with the most ideal value 0%. In addition, series B (-CH 2 -bridged) and C (-CH 2 -CH 2 -bridged) have the lowest while -NO 2 and -NHNO 2 substituted derivatives possess the highest OB values.
HOF is another important parameter associated with energetic properties, usually, the higher the HOF, the better the energetic properties. The HOFs in gas-phase and solid-phase of designed compounds were predicted, as depicted in FIG. 3 . It is seen that gas-phase HOFs are higher than solid-phase HOFs in general, and their variation tendency is similar. 27 designed compounds have higher solid-phase HOF than one of most powerful CHNO explosives octanitrocubane [27] (ONC, solidphase HOF=594 kJ/mol), eight compounds even pos- sess solid-phase HOF more than 1000 kJ/mol, and all compounds have obvious higher solid-phase HOF than RDX and HMX. These indicate the outstanding HOF property of designed compounds, which is also a good base for acquiring high energy. A comparison of the effects of substituent groups and bridge groups on solidphase HOF is displayed in FIG. 4 . It is seen that -N 3 , -NO 2 , -NF 2 and -NHNO 2 substituted derivatives possess higher HOF than those of unsubstituted ones while -NH 2 substituted compounds have the lowest value, showing that -N 3 , -NO 2 , -NF 2 , and -NHNO 2 groups are helpful for improving HOF, especially for -N 3 , while -NH 2 group just has the opposite effect. Then, series E has the highest HOF, followed by series F, while the other series have close value, indicating that -N=N-and -NH-NH-groups increase the HOF, especially for -N=N-group.
B. Density and detonation performance
Density is also a key parameter connected with detonation performance, a high density would be very helpful for enhancing the detonation performance. The densities in solid-phase of designed compounds were estimated and compared in FIG. 5. First, there are 34, 19, and 8 compounds with higher density than RDX, HMX, and ONC, respectively, seven of them even possess density more than 2.00 g/cm 3 , indicating the good density property of designed molecules [28−30] . Then, series D and series B/C have higher and lower density than series A, while series E/F have comparable density with series A, showing that -NH-group and -CH 2 -/-CH 2 −CH 2 -increase and reduce the density, respectively, while -NH-NH-and -N=N-groups have little effects on density. Finally, -NF 2 , -NHNO 2 , and -NO 2 substituted derivatives have higher density while -N 3 and -NH 2 substituted ones possess lower density than unsubstituted compounds, showing that the former groups enhance the density, especially for -NF 2 group, while -N 3 and -NH 2 have the opposite influence. Since most of the designed compounds have relative ideal OB, high HOF, and high density, it may be expected that these molecules would have better detonation performance. D and P are two most common and important parameters used for judging the detonation properties of energetic compounds. They were calculated and depicted in FIG. 6 (D) and FIG. 7 (P ) . From them, it can be seen that, first of all, D and P decrease with the order of - 2 substituted derivatives, showing that these former four energetic substituent groups are helpful for increasing the detonation performance while -NH 2 group has the opposite effect.
Then, generally, D and P increase with the order of -CH 2 −CH 2 -, -CH 2 -, -(directly linked)≈-N=N-≈-NH−NH-<-NH-, indicating that -CH 2 −CH 2 -and -CH 2 -bridge groups decrease and -NH-bridge group increases the detonation performance, respectively, while -N=N-and -NH-NH-make little influence on them. Finally, 27, 21, and 8 designed compounds have better both D and P than RDX, HMX, and ONC, respectively, which shows the outstanding energy performance of designed molecules. This also indicates that tetrazole N -oxide is a useful parent energetic compound employed for obtaining high energy compounds, even only combined with some very common energetic substituent groups and bridge groups.
C. Sensitivity and electronic structure
To study the sensitivity, the free space per molecule in the unit cell (∆V ) is used [24, 25] . Generally, a larger ∆V value means a higher sensitivity. For instance, the ∆V values [25] of hexanitrohexaazaisowurtzitane (CL-20) and HMX are 86 and 49Å
3 , respectively, while their h 50 (impact sensitivity) [31] are 14 and 29 cm, respectively. The ∆V of designed compounds were calculated and displayed in FIG. 8 . First, it is seen that the ∆V increases with the order of -H(unsubstituted)<-NH 2 <-NF 2 <<-NO 2 <-N 3 < -NHNO 2 substituted compounds, showing that all substituted groups increase the sensitivity, especially for -N 3 and -NHNO 2 group. Then, the ∆V increases with the sequence of -(directly linked)<-NH-<-CH 2 -<-NH−NH-<-N=N-<-CH 2 -CH 2 -bridged compounds, suggesting that all bridge groups increase the sensitivity, especially for -N=N-and -CH 2 -CH 2 -bridge groups. Finally, these compounds have ∆V values ranged from 38Å 3 to 65Å 3 , lower than that of CL-20 and close to HMX, showing the sensitivity of them is acceptable.
The energy gap between highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energies has been also used to investigate the activity and sensitivity of energetic compounds [32−34] . Generally, the larger the gap is, the less activity or sensitivity the compound. The energy gap values of designed compounds were calculated and depicted in FIG. 9 . It can be seen that the gap decreases with the order of - that the energetic substituent groups increase the activity and sensitivity in general, which is consistent with the ∆V result.
Then, the gap decreases with the sequence of -NH−NH->-NH-≈-CH 2 -≈-(directly linked)>-CH 2 −CH 2 ->-N=N-bridged compounds, showing that -CH 2 -CH 2 -and -N=N-bridge groups increase the activity and sensitivity obviously, which is in agreement with the ∆V result mainly. This above analysis shows that -N 3 substituent group and -CH 2 -CH 2 -and -N=N-bridge groups may be not suitable for combining with tetrazole N -oxide to design new energetic compounds with good overall properties, since they would increase the sensitivity obviously. 
Note: +, ± and − are the obviously positive, slightly positive or negative and obviously negative effects, respectively. √ , * and × mean the appropriate, doubtful and inappropriate group, respectively. tively, showing that the former bridge group increase the HOMO while the later one decrease the LUMO of tetrazole N -oxide obviously, this is a main reason why these two series have the lowest energy gap and highest activity and sensitivity.
A overall summary for the effects of different substituent groups and bridge groups on the HOF, ρ, D, P and sensitivity compared to unsubstituted and directly linked compounds, is listed in Table I . Comprehensively considering, -NO 2 and -NF 2 are two appropriate substituent groups used for combining tetrozale N -oxide to design new energetic compounds while -NH 2 and -N 3 are inappropriate. For the -NHNO 2 group, it is a debatable group since it would both increase the sensitivity and detonation performance. The -NH-and -NH-NH-are two appropriate bridge groups used to link two tetrazole N -oxide rings, while -CH 2 -, -CH 2 -CH 2 -and -N=N-are inappropriate. In addition, the directly linked derivatives also possess good overall performance, thus, two tetrazole N -oxide rings being linked directly may be an available alternative.
IV. CONCLUSION
We designed six series of new carbon-linked ditetrazole 2N -oxides with different energetic substituent groups (-NH 2 , -N 3 , -NO 2 , NF 2 , -NHNO 2 ) and energetic bridge groups (-CH 2 -, -CH 2 −CH 2 -, -NH-, -N=N-, -NH−NH-) with OB around zero. The effects of different energetic substituent groups and energetic bridge groups on the performance were studied by using the DFT and ESP methods. The results show that, first of all, most of designed compounds have OB between −30% and 30% and HOF higher than ONC; furthermore, -N 3 , -NO 2 , -NF 2 , -NHNO 2 , -N=N-and -NH−NH-groups are helpful for improving HOF. Then, most of them have higher density and better detonation performance than RDX and HMX, some of them even possess comparable energetic properties with ONC. The -NF 2 , -NHNO 2 , -NO 2 and -NH-groups are very helpful for increasing the detonation performance. Finally, the designed compound have receivable sensitivity and -N 3 , -N=N-and -CH 2 −CH 2 -could greatly increase the sensitivity and activity. In a word, -NO 2 , -NF 2 , -NHand -NH−NH-are four appropriate substituent groups used for combining tetrozale N -oxide to design new energetic compounds while -NH 2 , -N 3 , -CH 2 −CH 2 -and -N=N-are inappropriate.
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